Herpes simplex viruses (HSV)-1 and -2 enter latency in peripheral ganglia during which time a number of latency associated transcripts (LATs) are produced. The most abundant (2 kb) LAT contains ORFs of significant size which could play a role in latency. We hypothesized that the leader sequence of the 2 kb LAT might regulate expression of the LAT ORFs in neurons and might thus enhance some aspect of the latency process. We show that constructs with the HSV-1 2 kb LAT leader sequence in front of a CAT gene are efficiently translated, with enhanced activity in cells of neuronal origin, but that from
Introduction
Herpes simplex viruses (HSV)-1 and -2 establish and reactivate from latency in sensory neurons following an initial peripheral infection. During latency the virus genome is transcriptionally inactive other than within a small region of the genome from which the latency associated transcripts (LATs) are transcribed (reviewed by Latchman, 1990 ; Fraser et al., 1992 ; Ho, 1992) . The LATs are transcribed from the long repeats of the genome generating an 8n5 kb primary transcript of low abundance and a highly abundant 2 kb species which is probably a stable intron derived from the larger transcript (Spivack & Fraser, 1987 ; Stevens et al., 1987 ; Farrel et al., 1991) . Smaller species probably resulting from further splicing of the 2 kb transcript are also generated in neurons ( Fig. 1 ; see Spivack et al., 1991) .
The molecular mechanisms governing the establishment and reactivation from latency are not well understood, although it is thought that interactions with host transcription Author for correspondence : Robert Coffin.
Fax j44 171 387 3310. e-mail r.coffin!ucl.ac.uk within a larger LAT-derived RNA from which 2 kb LATs are efficiently spliced, expression levels are low. Thus some further regulation of expression must occur if LAT ORFs are expressed in vivo. Experiments to test any regulatory function of the LAT ORFs in suppressing or stimulating immediate early (IE) gene expression during latency did not, however, show effects on IE promoters in cotransfection assays, nor on an early gene promoter which has recently been shown to be expressed early in reactivation.
factors of virus immediate early (IE) gene promoters play a role in both establishing latency (repressing factors) and initiating 0001-5578 # 1998 SGM DABJ the reactivation process (activating factors), particularly affecting the activity of the IE1 promoter (see Thomas et al., 1998, and references therein) . The role of the LATs in these processes is not understood, as various mutations or deletion of some or all of the LAT locus from the wild-type virus results in only very subtle effects on the kinetics of latency in various animal models. Results have, however, consistently suggested that a major role of the LAT is in reactivation from latency, as a reduction in reactivation efficiency has been detected with a number of different LAT mutants in a number of different animal models (e.g. Block et al., 1993 ; Bloom et al., 1996 ; Perng et al., 1994 ; Trousdale et al., 1991) . Recently, a role in the establishment of latency has also been demonstrated, as LAT(k) mutants establish latency at a reduced efficiency (Thompson & Sawtell, 1997) . LAT thus appears to play a subtle role in influencing the kinetics of latency, although its mechanism of action is unknown.
Various functions have been proposed for the LATs, including a role in repressing IE1 gene expression as the LAT transcripts are antisense to the IE1 gene (e.g. Stevens et al., 1987) . It has also been suggested that transcription of the LAT locus may keep the genome in a transcriptionally competent state during latency such that reactivation is possible, or that a protein encoded by the LAT may somehow influence virus latency (e.g. Spivack et al., 1991 ; Wechsler et al., 1988) . However, even though a LAT-encoded protein has been reportedly detected in latently infected cells (Doerig et al., 1991) , this latter hypothesis has largely been rejected due to the lack of a detectable phenotype when LAT ORFs are mutated (Fareed & Spivack, 1994) , and due to a lack of reproducibility in detection of the protein.
However, the fact remains that ORFs of significant size are present at similar positions in the 2 kb LATs of both HSV-1 and -2. The HSV-1 2 kb LAT contains three ORFs (strain 17j, GenBank file he1cg) of 274 (ORF 1), 108 (ORF 2) and 174 (ORF 3) amino acids (see Wechsler et al., 1989) , and the HSV-2 2 kb LAT (strain HG52) a single large ORF of 419 amino acids (EMBL accession no. Z86099 ; see Fig. 1 ), although this ORF was not identified in previous work describing the HSV-2 DNA sequence (McGeoch et al., 1991 ; Dolan et al., 1998) . Other smaller ORFs have, however, been suggested in HSV-2 strain 333 (Krause et al., 1991) . Of the two larger ORFs of HSV-1, ORF 3 initiates within the intron region of the 2 kb LAT, and ORF 1 just downstream of the splice acceptor sequence. Thus ORF 1 would appear to be of the most likely functional significance, although all might be translated under some circumstances. ORFs 1-3 are maintained between strains 17j, KOS (EMBL accession no. M17921) and F (accession no. M74421) of HSV-1, although in strain KOS ORF 3 and ORF 1 are fused forming a single larger ORF. While the LAT ORFs are unrelated at the amino acid sequence level between HSV-1 and HSV-2, other than being highly proline-rich, without some function during the HSV life-cycle it would seem unlikely that they would have been maintained in the genomes of all strains of HSV-1 examined so far, and also in HSV-2. However, this conservation, as well as possibly suggesting a function, may be due to the fact that the ORFs are largely anti-sense to ICP0, and as such alterations in much of the LAT ORF sequence could also affect ICP0. The LAT transcript of bovine herpesvirus (BHV), on the other hand, another member of the alphaherpesvirus family, does encode a protein for which a function in halting cell cycle progression has been identified (Schang et al., 1996) . Here, however, the LAT locus is of somewhat simpler organization than in HSV, with only a small abundant LAT, which is not produced by splicing, from which the LAT ORF can be directly translated (Hossain et al., 1995) .
Recent work has shown that while the HSV 2 kb LAT is present largely as a nuclear species (Steiner et al., 1988) , a proportion can also be isolated from the polyribosome fraction of cells (Goldenberg et al., 1997) , suggesting that it could be translated in some circumstances. Other work, however, has shown that the 2 kb LAT, as well as being non-polyadenylated, is also in a lariat structure from which translation would not be expected to be possible (Wu et al., 1996 ; Rodahl & Haarr, 1997) . This and the fact that in both HSV-1 and -2 a long leader sequence precedes the LAT ORFs in the 2 kb LAT (950 and 890 bases respectively), which in HSV-1 is further spliced in neurons , suggests that if the LAT ORFs are ever translated, expression would be tightly regulated at a number of levels in the LAT RNA processing pathway.
We set out to explore the possible regulation of expression of LAT ORFs by the 2 kb LAT leader sequence in neurons and non-neurons, and also to identify any direct effect of the larger HSV-1 LAT ORF (ORF 1) on IE promoter activity, i.e. in either stimulating or repressing IE promoters. Such a potential activity could be important in the initiation or reactivation from latency. While it has previously been shown that proteins can be translated from the LAT region of HSV-1 by in vitro transcription\translation of a plasmid containing part of the LAT sequence , the entire leader sequence of the 2 kb LAT was removed in the study leaving only the potential coding sequence (from HpaI in Fig. 1 ). Inclusion of sequences upstream of the ORFs was shown to prevent translation, as when a construct in which $ 2 kb in front of the LAT ORFs were included (PstI-HpaI in Fig. 1 ), which includes the LAP2 region (Goins et al., 1994) as well as sequences upstream of the ORFs in the 2 kb LAT, no translation was possible. Thus either LAP2 sequences or sequences in the 2 kb LAT in front of the ORFs prevented translation. Effects of the 2 kb LAT leader sequence alone on the translation of downstream ORFs, such as described here, have not previously been studied.
Methods
Plasmids. The constructs generated for the study are shown in Fig.  2 , and are all derived by sub-cloning from a 3n5 kb NotI fragment of the HSV-1 strain 17j LAT region (pNot3.5 ; nt 118439-122025 ; McGeoch et al., 1991) . pJ4BXCAT and pJ4BXCATrev were produced by subcloning the BbsI-XcmI fragment from pNot3.5 into the HindIII site of pJ4CAT (Morgenstern & Land, 1990) in both the forward and reverse orientation. pNot3.5LTRCAT was produced by cloning the PstI-NotI fragment from pNot3.5 between the HindIII and BamHI sites of pJ4, and inserting a CAT gene (from pJ4CAT) between the two XcmI sites in the resulting construct. pJ7LAT(j) and pJ7LAT(k) were produced by cloning the BstXI-BspMI fragment encoding the LAT ORF into the SmaI site of pJ7 (Morgenstern & Land, 1990) Cells, transfections and CAT assays. ND7 cells are immortalized ganglionic neurons (Wood et al., 1990) and were cultured in RPMIj10 % foetal calf serum (Gibco). BHK-21 fibroblasts (Macpherson & Stoker, 1962) were grown in DMEMj10 % foetal calf serum. Transfection and CAT assays were carried out according to the method of Gorman (1985) using 5 µg of DNA per well of a six-well plate.
Northern blots. These were done using total RNA extracted from six-well plates transfected as above with plasmids pNot3.5LTRCAT and pNot3.5LTR (the identical construct, except before the insertion of the CAT gene). RNA was extracted and formaldehyde gels run and blotted as in Sambrook et al. (1989) . [$#P]dCTP labelled probes were generated using a Ready-To-Go DNA labelling kit (Pharmacia) and restriction enzyme-digested plasmid DNA.
Results

Cell type-specific LAT leader sequence activity
To explore whether the leader sequence before the LAT ORFs could affect expression, the leader from the start of the 2 kb LAT to just before LAT ORF 1 of HSV-1 (BbsI-XcmI ; Fig.  2 ) was cloned into a reporter construct in both the forward and reverse orientation between an MMLV LTR promoter and CAT gene followed by an SV40 poly(A) sequence (pJ4BXCAT and pJ4BXCATrev). The reverse construct and pJ4CAT, i.e. the MMLV LTR driving the CAT gene without the LAT leader sequence, provided control plasmids. These plasmids were transfected into cells of neuronal (ND7) and non-neuronal (BHK fibroblast) origin. The pJ4CAT plasmid provides a Fig. 4 . Gene expression from a spliced LAT transcript. pNot3.5LTRCAT was transfected into ND7 (a) and BHK (b) cells and CAT activity compared with that obtained with the pJ4CAT control. Results are shown as a percentage of the control which gave $ 60 % conversion of the substrate in both BHK and ND7 cells in these experiments. (c) Northern blot demonstrating production of the 2 kb LAT and associated species after transfection of pNot3.5LTRCAT, pNot3.5LTR and pJ4CAT into BHK and ND7 cells. The blot was probed with pNot3.5LTR linearized with PstI (see Fig. 2 ). pJ4CAT has no transcribed sequences homologous to the probe and is thus a control showing that LAT-specific RNA has been detected on the blot. baseline activity in each case, and results are represented as a percentage of this activity (Fig. 3 ). ND7 cells are derived from primary sensory neurons, and were originally prepared by fusion with mouse C1300 neuroblastoma cells (Wood et al., 1990) . ND7 cells are non-permissive for HSV due to a specific repression of IE genes (Kemp & Latchman, 1989 ) and provide a model for the study of HSV in neurons. We have previously found that the MMLV LTR promoter gives relatively similar activity in ND7 and BHK cells, with in both cases pJ4CAT giving $ 60 % acetylation of the chloramphenicol substrate under the conditions used. However, as results are presented as a percentage of pJ4CAT activity in each cell type, any differences in transcriptional activity of the MMLV LTR promoter in ND7 and BHK cells are controlled for. Thus differences in the percentage of pJ4CAT activity of pJ4BXCAT in ND7 and BHK cells here relate only to effects mediated by the 2 kb LAT leader sequence.
Following transfection it was found that pJ4BXCAT was effectively transcribed and translated in both BHK and ND7 cells but expression was considerably greater in ND7 cells (85 % instead of 57 % of pJ4CAT activity). However, with the construct in which the leader sequence was cloned in the reverse orientation (pJ4BXCATrev) CAT activity was very low in both ND7 and BHK cells, with slightly greater activity in BHK cells (2 % and 7 % of pJ4CAT respectively). In the reverse orientation, the construct provides a random RNA leader of identical length and GC and secondary structure content as the 2 kb LAT. However, here translation is nearly completely prevented. This suggests that in the correct orientation the structure of the 2 kb LAT leader has been maintained to allow the translation of downstream proteins.
These results thus suggested that the leader sequence before the ORFs in the HSV-1 2 kb LAT would allow the expression of a downstream protein if the transcript was otherwise effectively processed [a poly(A) sequence is included in the constructs used]. However, in the reverse orientation the leader sequence effectively prevents gene expression, providing an internal control. Moreover, not only does the leader sequence allow efficient gene expression, but it appears that this activity is enhanced in cells of neuronal origin. This suggests a level of cell type-specific regulation allowing enhanced expression in neurons. These results are consistent with a cell type-specific splicing event removing sequences which otherwise reduce the efficiency of translation of downstream ORFs, which has previously been suggested , although direct effects of the 2 kb LAT leader sequence on gene expression have not previously been studied.
Further regulation of expression must occur if LAT ORFs are expressed in vivo
While the above results show that LAT ORFs would be able to be expressed in vivo if preceded by the 2 kb LAT leader sequence and if otherwise processed as a normal mRNA, the 2 kb LAT is thought usually to be generated by splicing from a larger primary transcript (Farrel et al., 1991) . To test whether a 2 kb LAT-encoded ORF could be expressed from within such a larger primary transcript a construct was prepared in which a 3 kb region from the LAT locus, from just 3h of the LAP1 TATA box to $ 1 kb downstream of the 2 kb LAT (PstI-NotI; Fig. 2) , was cloned into pJ4 after the MMLV promoter. A CAT gene was then inserted directly replacing the LAT ORF giving pNot3.5LTRCAT. Similar constructs have previously been shown to produce 2 kb spliced RNAs in vitro (e.g. Mador et al., 1995) , and this was confirmed for the experiments reported here by Northern blotting to detect spliced transcripts in BHK and ND7 cells (Fig. 4 c) . Northern blotting showed that 2 kb LAT RNAs were produced by transfection of both pNot3.5LTRCAT and pNot3.5LTR into BHK and ND7 cells, albeit at slightly lower efficiency after replacement of the LAT ORF with the CAT gene. Thus the possible expression of an encoded ORF from within such an RNA could be tested using the constructs described here.
When this construct was transfected into ND7 and BHK cells and activity compared with that with pJ4CAT, only very minimal CAT activity could be detected in either case ( 4% pJ4CAT activity ; Fig. 4 ). This suggested that while the 2 kb LAT leader sequence allows efficient expression of downstream ORFs when present in a linear, capped, polyadenylated RNA, when the 2 kb LAT is processed from a larger LAT transcript such expression is prevented. Thus either the structure or intracellular localization of the 2 kb LAT does not allow translation of the CAT marker gene in cells of either neuronal or non-neuronal origin under normal circumstances. If LAT ORFs are translated in vivo at any time, a further level of regulation must therefore be required. This could either alter the structure or intra-cellular localization of the 2 kb LAT, and thus allow translation to occur, or transcription could initiate from an alternative promoter to that usually active during latency, giving a LAT transcript not produced by splicing. A second promoter downstream of the main LAT promoter has been identified (LAP 2 ; Goins et al., 1994) , which while apparently not affecting 2 kb LAT production during latency (Chen et al., 1995) , could conceivably become active in response to stimuli signalling LAT ORF expression. Indeed, a region including the LAP 2 promoter has been shown to be important in allowing the LAT promoter region to remain active during latency (Lokensgard et al., 1997 ; Lachman et al., 1997) , further suggesting that important regulatory elements may be located in this region which could in some circumstances allow direct transcription of the 2 kb LAT RNA.
Possible functions of the LAT ORF
The above suggests that if expressed at all, the expression of the LAT ORFs is likely to be tightly regulated. This would explain the difficulty in detection of such proteins so far. However, the conservation of the LAT ORFs in HSV-1 and -2 suggests a function, as does the fact that in HSV-1 at least they are preceded by a long leader sequence which allows efficient gene expression which is enhanced in neurons as compared to non-neurons. Thus if the LAT ORFs are expressed a number of functions can be suggested.
The most likely role of LAT-encoded proteins would be to somehow regulate the latency process. During the establishment of latency IE gene transcription must be prevented, and during reactivation IE gene transcription, particularly IE1 (ICP0) transcription, must be stimulated. Thus a possible role of the tightly regulated expression of a LAT-encoded protein would include a direct repressive or activating effect on HSV IE promoters.
To test this hypothesis the larger HSV-1 LAT ORF was cloned into an expression construct driven by a CMV promoter (pJ7LATj ; Fig. 2) . The ORF was also cloned in the reverse orientation as a control (pJ7LATk). These constructs were co-transfected into both BHK and ND7 cells together with constructs containing either the ICP0, ICP4 or ICP27 promoters driving CAT. As a positive control, the IE promoter constructs were also transfected together with an expression plasmid containing the VP16 gene (CMV-VP16) which activates IE promoters. Co-transfections were carried out at various ratios of the paired constructs (10 : 1-1 : 10) using a total of 5 µg of DNA per transfection and repeated in duplicate three times. However in each case, whereas effective transactivation of IE promoters could be seen with the VP16 control construct, the LAT ORF in either the (j) or (k) orientation could not be shown to give a significant or reliable repressive or activating effect (Fig. 5) . Thus any function of the LAT ORF is unlikely to be by either direct activation or repression of IE gene promoters either in neurons or other cells, unless other co-factors are required, or unless the responsive elements are outside the promoter sequences in the reporter constructs used. As other factors could be expressed in neurons in which HSV is either entering or reactivating from latency, an effect of the LAT ORF on IE promoter activity cannot be completely discounted, but a straightforward trans-activation or repression role would seem unlikely.
Recent work has suggested that some HSV early genes are expressed before IE genes in the reactivation process (Tal-Singer et al., 1997) . A possible function of the LAT ORFs could thus be to activate early gene promoters during reactivation. To test this possibility pJ7LAT was co-transfected into BHK and ND7 cells together with a TK promoter CAT construct. TK is one of the early genes which has been shown to be expressed early in reactivation. However, here again no effect could be demonstrated (Fig. 5 ), suggesting that the LAT ORF does not directly affect early gene promoter activity, although effects on early gene promoters other than TK are still possible.
Discussion
The function of the HSV LATs remains intriguing, although it is likely that the LATs supply a combination of functions. Thus some antisense activity in down-regulating ICP0 expression levels is likely as is a function in keeping the genome open for transcription and allowing reactivation to be possible. However, for neither of these functions would the complex transcription unit resulting in the production of the 2 kb LAT be required. Considering the presence of positionally conserved ORFs in the 2 kb LATs of HSV-1 and -2, this function might involve the expression of proteins, although these have not been reliably detected.
In this paper, we have shown that the 2 kb LAT leader sequence can allow the efficient expression of downstream proteins if present in a suitably processed RNA, but that from within an RNA similar to the LAT primary transcript expression levels are low. Thus the expression of LAT ORFs in HSV-infected cells is likely to be tightly regulated, if they are expressed at all. This may, for example, involve the use of the LAP2 promoter (Goins et al., 1994) . The LAP2 promoter is not responsible for 2 kb LAT production during latency (Chen et al., 1995) , but is important for latent phase activity of the LAT region as a whole (Lokensgard et al., 1997 ; Lachman et al., 1997) . Thus this promoter might give a 2 kb LAT which has not been produced by splicing under certain circumstances, tightly regulated LAT ORF expression making detection of the protein difficult.
On the other hand, in the case of the closely related BHV, where the LAT consists of a transcript of simpler organization, the LAT ORF protein product can easily be detected (Hossain et al., 1995 ; Jones et al., 1997) . The BHV LAT protein acts by delaying cell cycle progression (Schang et al., 1996) , and is probably present throughout latency (Jones et al., 1997) . BHV LAT ORF expression is thus not tightly regulated, possibly explaining its presence in a much simpler transcription unit than in HSV. Mutation of the LATs has suggested a role in reactivation (e.g. Block et al., 1993 ; Bloom et al., 1996 ; Perng et al., 1994 ; Trousdale et al., 1991) , although LAT ORF deletion does not effect reactivation by explant co-cultivation (Fareed & Spivack, 1994) . This may not, however, accurately mimic the processes occurring during reactivation in vivo. Thus if the HSV LAT ORF is required for the wild-type reactivation phenotype, this could explain the more complex processing of the HSV LATs preventing inappropriate LAT ORF expression, and would explain the difficulties in detection of a protein so far. To explore the possibility that the expression HSV LAT ORFs is tightly regulated and that expression somehow affects the kinetics of latency, we are constructing HSV mutants and cell lines in which LAT ORFs are constitutively expressed. If LAT ORFs do affect the latency process, it might be expected that an altered phenotype would be shown in vivo if regulated expression of the LAT ORFs is usually required.
